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ABSTRACT 


This report describes the results of a continuing Investigation of the 
phenomena associated with the oblique hypervelocity Impact of spherical 
projectiles onto multi-sheet aluminum structures. A series of equations that 
quantitatively describes these phenomena is obtained through a regression of 
experimental data. These equations characterize observed ricochet and pene- 
tration damage phenomena in a multi-sheet structure as functions of the geo- 
metric parameters of the structure and the diameter, obliquity and velocity 
of the impacting projectile. Crater damage observed on the ricochet witness 
plates is used to determine the sizes and speeds of the ricochet debris 
particles that caused the damage. It is shown that, in general, the most 
damaging ricochet debris particle is approximately 0.25 cm (0.10 in.) in 
diameter and travels at speed of approximately 2.1 km/sec (6,890 ft/sec). 

The equations necessary for the design of shielding panels that will protect 
external systems from such ricochet debris damage are also developed. The 
dimensions of these shielding panels are shown to be strongly dependent on 
their inclination and on their circumferential distribution around the 
spacecraft. It is concluded that obliquity effects of high-speed impacts 
must be considered in the design of any structure exposed to the meteoroid 
and space debris environment. 
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INTRODUCTION 


All spacecraft with a mission duration of more than a few days are 
susceptible to impacts by meteoroid and pieces of space debris. Such impacts 
are expected to occur at extremely high speeds and are expected to strike 
the spacecraft structure at oblique angles. High-speed obliqxie impacts are 
known to produce penetration and ricochet debris and can therefore damage 
internal as well as external flight-critical systems of the spacecraft. 
Either type of damage can in turn lead to catastrophic failure of the 
spacecraft and loss of life. Uncontained ricochet debris also increases the 
contamination of the orbital environment and can pose a threat to future 
missions into that environment. The design of a spacecraft for a long- 
duration mission must take into account the possibility of such impacts and 
their effects on the integrity of the entire structure. Protective systems 
for habitable portions and for external structural subsytems must be 
included in its design. 

Protection against penetration for crew compartments and modules has 
traditionally consisted of a bumper plate that is placed at a small distance 
away from the main wall of the compartment or module. This concept was 
first proposed by Whipple [1] and has been studied extensively in the last 
few years as a means of reducing the penetration threat of hypei^velocity 
impacts [2-15]. In the design process, bumper and wall plate thicknesses are 
iterated against weight and protection considerations to arrive at a final 
configuration. 

In a recent investigation of hypervelocity impact [16], it was demon- 
strated that oblique high-speed impacts generate a tremendous volume of 
ricochet debris, especially for impact trajectories above 45 degrees. In 
fact, for trajectory obliquities beyond 60 degrees, the amount of penetra- 
tion damage in a multi-sheet test specimen was observed to be minimal when 
compared to the damage sustained by the ricochet witness plate in the speci- 
men. Unfortunately, previous investigations of oblique impact discuss only 
penetration phenomena and make little or no mention of damage induced by 
ricochet debris [2,9,15,17,18]. It has become clear that the damage 
potential of ricochet debris is very great, and that the creation of such 
debris is a dangerous phenomenon that deserves further attention. 

The objectives of the research program performed under this fellowship 
were as follows: 1) to continue and extend the work begun in the first 
investigation by expanding the application of the equations previously 
developed; 2) to develop new equations for phenomena not discussed previous- 
ly; 3) to analyze the formation and damage potential of ricochet debris and 
to develop a means of containing its spread. The results of this research 
program are presented in this report. 

In the first section, the results of the previous investigation are 
reviewed. Suggestions for future research efforts made at its conclusion are 
also reviewed in light of the objectives of the present research program. In 
the next section, a review of the experimental procedure used in the oblique 
hypervelocity impact testing of multi-sheet specimens is presented. A 
complete set of impact test results is presented and reviewed. In the fol- 
lowing sections, new equations governing the response of multi-sheet struc- 
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tures to oblique hypervelocity impact are presented. The damage potential of 
ricochet debris particles is analyzed by determining the sizes and speeds of 
typical ricochet debris particles. Equations and methodology for the design 
of shielding panels to protect external structural system elements are also 
developed. Several examples of panel design are presented. Finally, conclu- 
sions are made based on the data analysis of the preceding sections. Recom- 
mendations for future experimental and analytical investigations of hyper- 
velocity impact are also presented. 


RESULTS SUMMARY FROM PREVIOUS INVESTIGATION 

Several important conclusions and recommendations were made at the 
completion of this author's first investigation of oblique hypervelocity 
impact phenomena [16]. These are reviewed below. 

First, there exists a critical angle of obliquity. Projectiles with 
angles of obliquity less than this critical angle produce significant damage 
to the interior pressure wall and little damage to a ricochet witness plate. 
Projectiles with trajectory obliquities greater than the critical angle 
produce minimal damage to the pressure wall plate, but generate ricochet 
debris that causes major damage to a ricochet witness plate. This critical 
angle is estimated to have a value between 60 and 65 degrees. Tlie existence 
of such an angle can have serious consequences on the design and placement 
of external subsystems such as instrumentation units on spacecraft that are 
developed for long-duration missions in the meteoroid and space debris 
environment. 

Second, 99% of the ricochet debris particles generated traveled along 
trajectories never more than 30 degrees away from the bumper plate, regard- 
less of the original angle of impact. The most serious ricochet damage was 
found to occur within an angle of 15 degrees with respect to the plane of 
the bumper plate, also regardless of impact angle. For original trajectory 
obliquities greater than 60 degrees, thin ricochet witness plates were 
completely perforated at the bumper plate/ricochet witness plate interface. 
In general, ricochet damage was found to increase with increases in 
original trajectory obliquity, original impact velocity, and the size of 
the original incident projectile. 

Third, future experimental testing of oblique impact should be con- 
ducted with ricochet witness plates sufficiently thick so that little or no 
spalling or perforation occurs. With this stipulation, all the crater 
daunage produced by ricochet particles can be used with thick plate equations 
to perform a detailed study of the damage potential of ricochet debris 
particles. 

Fourth, future experimental investigations should also be conducted 
with larger diameter projectiles and specimen plates made from different 
thicknesses and materials. In this manner, the testing will better simulate 
the orbital space debris environment and the effect of biomper thickness on 
penetration and ricochet damage can be analyzed. Use of a wide variety of 
diameters and thicknesses will also serve to expand the applicability of 
current empirical expressions. 
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Fifth, more impact testing is needed at higher angles of obliquity to 
complement the large number of tests that have been performed at smaller 
angles (ie. less than 45 degrees). In light of the existence of a critical 
obliquity angle near 60 degrees, these tests are essential to be able to 
fully understand the oblique impact process. 

The test program developed for the current investigation focused on the 
recommendations made in the last three paragraphs. Tests were performed 
using larger projectiles, thicker ricochet witness plates and various bumper 
plate thicknesses. The majority of the tests were performed at high angles 
of obliquity, although data from several previous normal impact tests were 
also Included in some aspects of the analyses. The effect of the new data on 
existing equations will be addressed in subsequent sections. 


EXPERIMENTAL PROCEDURE AND RESULTS 

The oblique h 3 rpervelocity impact testing of multi -sheet specimens was 
done at the Space Debris Simulation Facility of the Materials and Processes 
Laboratory at the Marshall Space Flight Center. The facility consists of a 
light gas gun with a 12.7 mm (0.5 in.) launch tube capable of launching 2.5 
-12.7 mm (0.1-0. 5 in.) projectiles of mass 4-300 mg (0.009-0.661 lbs) at 
velocities of 2-8 km/sec (6,500-26,246 ft/sec). Projectile velocity measure- 
ments were accomplished via pulsed X-ray, laser diode detectors, and a Hall 
photographic station. This facility is fully described in Ref. 19. A drawing 
of the multi -sheet specimen set-up is shown in Figure 1. 

In each test, a spherical projectile of diameter D and velocity V 
impacted a bumper plate of thickness t at an angle of obliquity 0 . The 
projectile was shattered upon impact and created an elliptical hole in the 
bumper plate. Some secondary projectile and bumper plate fragments were 
sprayed upon the pressure wall plate a distance S away while some fragments 
ricocheted and struck the ricochet witness plate (thickness t^) . 

The angles 0^, ^2 'perforation angles'. The angles 

and ©2 denote the trajectories or the centers of mass of bumper and 
'in-line' penetration fragments, respectively; the angles and ^2 repre- 
sent the spread of these fragments. The angles and ^qq are 'ricochet 
angles' and denote the trajectory of the center of mass or the ricochet 
fragments and the angle below which lie 99% of the ricochet fragments, 
respectively. 

The formation and growth of penetration and ricochet debris clouds are 
clearly visible in Figures 2 through 5. These figures show the various 
stages of the oblique impact process beginning with a pre-event photograph 
(Figure 2). In Figure 3, a ricochet debris cloud consisting of projectile 
and plate fragments is the first to form. The penetration debris cloud is 
subsequently produced by further plate fragmentation. Its motion is initial- 
ly directed along the outward normal of the reverse side of the plate 
(Figure 4). The impact event progresses and the remainder of the projectile 
fragments exit the rear of the plate. The penetration debris cloud then 
acquires an additional component of motion parallel to the rear surface of 
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the plate. The net result is that the penetration debris cloud begins to 
move in a direction similar to that of the original projectile (Figure 5). 
All photographs courtesy of JSC. 

The configurations of the test specimens and the conditions of impact 
were chosen to simulate the conditions of space debris impact as closely as 
possible and still remain within the realm of experimental feasibility. 
Kessler [20] states that the average mass density for pieces of orbital 
space^debris less than 10mm (0.3937 in.) in diameter is approximately 2.8 
gm/cm , which is approximately the same as the density of aluminum. Thus, 
the projectiles used were solid 1100 aluminum spheres with diameters ranging 
from 4.75 mm to 9.2 mm (0,187 in. to 0.375 in.). 

The bumper, pressure wall, and ricochet witness plates were made of 
6061-T6, 2219-T87, and 2219-T87 aluminum, respectively. The thicknesses of 
the bumper plates were varied from 0.8128 mm to 2.032 mm (0.032 in. to 0.080 
in.); those of the ricochet witness plates were varied from 2.54 mm to 25.4 
ram (0.1 in. to 1.0 in.). Pressure wall plate thickness was held constant at 
3.175 mm (0.125 in.). The bumper and pressure wall plates were separated by 
a constant distance of 101.6 mm (4.0 in.). The obliquity of the impact was 
varied from 30 degrees to 75 degrees, while the impact velocities ranged 
from 5.0 to 8.0 km/sec (16,400 to 26,246 ft/sec). Data from several normal 
impacts were also used in the analysis of bumper plate holes. 

A total of 30 oblique tests and 10 normal tests were used to study 
penetration and ricochet phenomena. The full database derived from these 
tests is presented in Tables 1 and 2. In Table 1, the angles and ©2 
were obtained by estimating the locations of the centers of mass of the^ 
bumper plate fragments and 'in-line' projectile fragments on the pressure 
wall plate. The cone angles and were obtained by measuring the width 
of the damage cluster in the direction of the line of flight and by deter- 
mining its location with respect to the edge of the pressure wall plate 
ahead of the cluster. The angle 0( was obtained by determining the verti- 
cal location of the center of mass of the ricochet debris based on the 
vertical distribution of the holes, craters, etc. formed by the debris. The 
angle was determined based on the height below which lay 99% of the 

holes, craters, etc. formed by the ricochet debris. In Table 2, the minimum 
and maximum dimensions of the bumper plate hole in an oblique impact 
and D ) as well as the hole diameters for normal impacts (D) wore measured 
direc?fy from the bumper plates. 

A detailed qualitative description of the various processes involved in 
an oblique high-speed impact, including photographs of the various damage 
mechanisms, may be found in Refs. 15,16,21, and 22. Visual inspection of the 
new impact test specimens revealed a variety of phenomena that were basical- 
ly consistent with these previous observations. 


BUMPER PLATE HOLE ANALYSIS 

Elastodynamic theory predicts that as a hypervelocity projectile 
strikes a plate, the projectile and the portion of the plate surrounding the 
impact site will break up into many fragments [23]. A portion of the frag- 
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ments will ricochet while the remainder will travel along the general direc- 
tion of the original projectile towards the pressure wall plate. In order to 
estimate the damage potential of the ricochet and penetration fragments, it 
is necessary to know the total volume of debris generated by the impact. A 
good estimate of the bumper plate fragment volume can be obtained by multi- 
plying the area of the hole formed during the impact by the thickness of the 
bumper plate* Inspection of the test specimens revealed the bumper plate 
hole to be elliptical with the elongation in the direction of the original 
projectile trajectory* The bumper plate hole area can be, therefore, 
approximated as the product of the maximum hole dimension and the minimum 
hole dimension. 

Although the smaller hole dimension was previously observed to be 
independent of obliquity, inspection of the bumper holes in the new test 
specimens revealed an increasing dependence on obliquity, especially in the 
high obliquity specimens. Furthermore, the original equations for the maxi- 
mum dimension of the bumper plate hole did not correlate well with experi- 
mental data for very large angles of obliquity. The objectives of the 
analyses in this task were to 1) modify the existing equation for D . by 
including an dependence on trajectory obliquity, and 2) improve the accuracy 
of the current equation for D , especially in the high obliquity regime. 

In addition, it was also deci3e5 to extend the applicability of both equa- 
tions to include normal, as well as oblique, high-speed impacts. 

The new equations were obtained through a standard multiple linear 
regression of the hole dimension data with the following results: 


Dmin/d - 2 . 825(V/C)^ ’ 

D /d - 1.250(V/C)°'®^^e^-°^‘^® 
max' ^ ' 


0(t /d)°-^®^+1.01 
s' 


(t^yd)°‘^^^+1.40 


( 1 ) 

( 2 ) 


where C is the speed of sound in the bucaper plate material, and 0 is in 
radians. The averages and standard deviations of the prediction errors of 
the regression model are presented in Table 3 (columns 1 and 2, respec- 
tively). A measure of the accuracy of the regression equations, the correla- 
tion coefficient, is presented for each equation in colximn 3. It can be seen 
from this Table and from Figure 6 that the equations are a fairly good fit 
to the hole dimension data. The relatively large spread of the prediction 
errors for eqn. (2) is due to an inherent physical uncertainty in the 
maximum hole dimension, especially in holes produced by high obliquity 
impacts. It has been shown previously that a high obliquity impact will 
tear, as well as perforate, the bumper plate in the direction of the line- 
of-flight of the projectile [16]. The effects of this tearing process on the 
maximum hole dimension varied dramatically, even between similar impact test 

shots (note the difference in D for Tests No. 231C and 231D) . 

max 

A comparison of Figure 6 with the corresponding figure in Ref. 16 shows 
that the new equations have a much wider range of applicability and possess 
a higher degree of accuracy than the previously developed equations. It is 
noted that these equations are valid only for projectiles and plates made of 
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the same material, for 0.0853<t /d<0.4278, 5.0<V<8.0 km/sec, and for trajec- 
tory obliquities between 0 and ?5 degrees. 


It is also Interesting to note that the coefficients and exponents of 
eqn. (1) are very similar the corresponding constants in the equation ob- 
tained by Maiden, et.al, [7] for hole diameters in thin plates under normal 
high speed impact. This equation is given below. 


D/d - 2.40(V/C)(t /d)°'^^^+0.90 
s 


(3) 


where D is the diameter of the (circular) hole in the bumper plate. 


PENETBATION DEBRIS CEMTER-OF-MASS TRAJECTORY ANALYSIS 

As in the case of the hole dimension equations, the equations for 0 
and ©2 obtained previously were updated by including the data from the new 
test specimens in the regression database. Empirical expressions for d . and 
^2 were obtained as functions of projectile diameter, impact velocity and 
trajectory obliquity with the following results: 

0^/0 - 0.184(V/C)°-^^°cos^-^^^e(t^/d)*°-^®®, 45°<0<75° (4) 

© 2 /© - 0.490(V/C)‘°-°^^cos°-^°^a(V‘^^"°'^^^’ 3O°<0<75° (5) ^ 


The averages and standard deviations of the prediction errors and the cor- 
relation coefficients for each equation are presented in Table 4. The spread 
of the prediction errors was found to be somewhat large for these equations . 
This is probably due to the fact that it was often difficult to determine 
the exact boundaries of the 'normal' and in-line' debris crater clusters and 
their centers of mass. The actual values of the penetration angles are 
therefore seen to be somewhat dependent on the person performing the 
analyses. However, eqns. (4,5) are a significant improvement over the cor- 
responding equations developed in the previous study [16]. These equations 
are more compact, and for the most part have a higher correlation with 
experimental results than the equations previously developed. 

A comparison of predicted and actual values of 0 ^ and is presented 

in Figure 7. It is seen that the 'in-line' trajectory angle, ^ 

single-valued function of trajectory obliquity, 0 . In fact, 0 2 varies 

directly with 0 up to a critical value, 0 , between 60 degrees and 65 

degrees and then decreases with further increases in 0 . This reversal at 

corresponds to a change in the location of the most severe damage 

from tRe pressure wall plate for & < Q to the ricochet witness plate 

for 0 < 0 . 

cr 


It is again noted that eqns. (4,5) are valid only for projectiles and 

plates of the same material, for 0.0853<t /d<0.4278, and for 5.0<V<8.0 

s 
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km/sec . 


PENETRATION DEBRIS CLOUD CONE ANCLES 

In an effort to assess the extent of penetration damage us well as 
location, equations relating the spread of penetration debris were devel- 
oped. These equations, together with the center of mass trajectory equa- 
tions, could be used to assess whether or not the debris clouds formed as 
the result of an oblique impact would overlap and concentrate their energy 
or separate and distribute their energy upon the pressure wall plate. 

Inspection of damage pressure wall plates revealed that for trajectory 
obliquities below 30 degrees and above 65 degrees there was significant 
overlapping of the projectile and bumper plate debris clouds. However, for 
intermediate obliquities, whether or not there was any separation of the 
debris clouds depended on the original impact parameters. It is interesting 
to note that in the case of low trajectory obliquity, the overlapping of the 
debris clouds concentrated the debris into a much smaller volume and thereby 
increased the damage potential of the penetrating debris particles. However, 
in the high obliquity regime, because so few penetration particles were 
created, the overlapping of the debris clouds did not contribute signifi- 
cantly to the damage caused by the debris particles. 

The equations for the cone angles of the debris clouds were obtained 
using standard multiple linear regression techniques with the following 
results . 


- 0.417(V/C) 
^ 2/6 - 2.539(V/C) 


0.228 0.225 a,^ ,.,-0.491 

cos 0 (t /d) 

s 

45°<9<75° 

( 6 ) 

1.217 2. 972a, ^ /.,x0.296 

cos 0 (t /d) , 

s 

3O®<0<65° 

(7) 


It is noted that the regions of applicability of the cone angle equa- 
tions are indicative of the overlapping phenomena for low and high trajec- 
tory obliquities. The averages and standard deviations of the prediction 
errors and the correlation coefficients for eqns. (6,7) are presented in 
Table 4 where it is seen that the equations are a fairly good fit to the 
cone angle data. Once again, these equations are valid for projectiles and 
plates of the same material, for 0.0853<t /d<0.4278, and for 5.0<V<8.0 
km/sec . 


RICOCHET ANGLE ANALYSIS 


Empirical expressions for^ and obtained previously were updated 

through a regression of the expanded database with the following results. 


0(^/9 - O.O33(V/C)°‘^®^sin'^'^^^0(tg/d)'®‘^^^, 


45°< G<75‘ 


( 8 ) 
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- O.194(V/C)°'^^°sin'^ ®^^0(tyd)'°-^^^, U5°<$<75^ 


(9) 


Average prediction errors, standard deviations, and correlation coefficients 
are presented in Table 4. Although the average prediction errors are quite 
small, the spread of the prediction errors is also somewhat large for these 
equations. This is probably due to error in the regression data Itself 
which can be attributed to several factors. First, the ricochet witness 
plates were finite in height, and, as a result, some ricochet debris particles 
escaped detection. Second, ricochet debris holes and craters were frequently 
observed to cluster and overlap, especially for original trajectory obliqui- 
ties greater than 60 degrees. In these cases it was difficult to determine 
the exact number of holes or craters on the ricochet witness plate. 

Plots of predicted and actual ricochet angle values are presented in 
Figure 8. It can be seen from these cuirvres that ^ has a weaker dependence 
on 0 than ^gg> which decreases significantly as ^0 increases. This feature 
is indicative of the fact that the majority of the ricochet debris particles 
travel along trajectories that are very close to the bumper plate, 
regardless of the original angle of impact. 

It is also noted that these equations are valid only for projectiles 
and plates of the same material and for 0.0853<t /d<0.4278 and 5.(XV<8.0 
km/sec . 


RICOCHET PARTICLE SIZE AND VELOCITY ANALYSIS 

The next task in the analysis of the oblique impact test specimens was 
to determine the sizes and velocities of typical ricochet debris particles 
based on the crater damage found on ricochet witness plates. It was proposed 
to use equations for penetration depth in thick plates together with mea- 
sured crater depths to determine, in an inverse fashion, the diameter and 
velocity of the debris particles that caused the craters . Visual Inspection 
of damaged ricochet witness plates revealed several interesting features 
that address the validity of this method. 

First, the surface openings of ricochet witness plate craters formed by 
debris impacts were very nearly circular, which is indicative of normal or 
near-normal impact trajectories. This observation is confirmed by the data 
in Table 1 which Indicates that 99% of the ricochet debris Impact obliqui- 
ties are less than 30 degrees, regardless of the original angle of impact. 
Second, in the tests where the ricochet witness plates were thicker than the 
standard 2.54 mm (0.1 in.) the reverse sides of the plates remained smooth 
and undamaged even though the front sides exhibited significant crater 
damage. In these cases, the post- impact appearance of the ricochet witness 
plate was identical to that of a 'thick plate' subjected to the same Impact 
loading. Based on these observations, the proposal to use thick plate equa- 
tions is justified provided that the reverse side of the ricochet witness 
plate in which the crater depths are measured is smooth and undamaged (ie. 
no spall or dimpling) . 
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Examination of existing penetration depth equations revealed a strong 
coupling between particle size and velocity effects. That is, the same size 
crater can be produced by a small particle traveling at a high speed or by a 
larger particle traveling at a slower speed. In order to have a unique 
solution for the particle size and speed, a second set of equations des- 
cribing another measurable crater quantity was needed. A search of existing 
literature on cratering phenomena in hypervelocity impact suggested crater 
volume to be such a quantity. Thus, a crater volume equation used in con- 
junction with an equation for penetration depth could be used to solve 
uniquely for particle size and speed. Since it is more facile to measure the 
surface diameter of an impact crater than it is to determine its exact 
volume, the crater volume equations were rewritten in terras of surface 
diameter. The analysis then proceeded as follows. 

First, penetration depths and surface diameters of the three largest 
craters on ricochet witness plates with undamaged rear surfaces were 
measured. In this manner, the diameters and velocities subsequently cal- 
culated would represent upper bounds on ricochet debris sizes and speeds. 
Next, the equations for penetration depth and crater diameter were paired. 
Each pair of equations was then solved for particle diameter and velocity in 
terms of all other parameters, such as density, yield strength, wave speed, 
etc. Substitution of the appropriate values for these parameters in these 
equations yielded an estimate for the size and speed of the particle that 
produced a particular crater. This calculation was performed for each crater 
using 12 penetration depth equations and 6 crater diameter equations. These 
equations, some rewritten for consistency, are listed in the Appendix. 
Theoretically, this should have resulted in 72 estimates for the diameter 
and 72 estimates for the velocity of each crater producing projectile. 

However, in the process of pairing the penetration depth and crater 
diameter equations , it became evident that not all equation pairs were 
compatible. Due to the exponential form of the equations, certain com- 
binations of equations led to powers of zero for an unknown diameter or 
velocity. These particular equation pairs, therefore, could not be used to 
solve for the unknown quantities. This situation is analogous to finding the 
intersection of two parallel lines in Euclidean geometry. 

Furthermore, even though an equation pair did produce a solution, the 
resultant particle size occasionally exceeded that of the crater diameter, 
sometimes by a factor of three or four. However, it was previously shown 
that the heated material surrounding a high speed impact crater relaxes as 
it cools after the impact event. This causes a reduction in crater diameter 
and depth of approximately 20 to 25% [24,25]. Therefore, it is indeed con- 
ceivable that a crater could have been produced by a particle whose diameter 
exceeded the size of the surface opening, but it is unlikely that the 
particle diameter could have exceeded the surface diameter by more than 25%. 
As a result, particle diameter values greater than 1.25 times the crater 
surface diameter were rejected. These two considerations reduced the number 
of calculated values from 72 to approximately 25. The averages of the 
acceptable diameters and velocities for each particle were then assumed to 
be valid estimates of its actual diameter and speed. 

Measured crater depths and surface diameters for appropriate impact 
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tests are provided In Table 5. The resulting estimated particle diameters 
and velocities corresponding to these depths and diameters are presented In 
Table 6. The average values of these diameters and velocities (plus and 
minus a standard deviation) are shown In Table 7 as functions of original 
projectile diameter and Impact velocity. Lastly, using the penetration depth 
and crater diameter equations, the estimated particle diameters and speeds 
are used to calculate the depth of penetration and surface diameter of a 
crater that would foinn If such a particle were to strike a ricochet witness 
plate of the same material. The percent differences between the actual 
crater depths and surface diameters In Table 5 and those calculated using 
the equations In the Appendix and the corresponding particle diameters and 
Impact velocities are shown In Table 8. An examination of Tables reveals 
several Interesting points. 

First, from Tables 6 and 7, high obliquity impacts and impacts by large 
projectiles produce larger ricochet debris particles than impacts at low 
obliquities or impacts by small projectiles. This Is a quantitative 
verification of the qualitative statement that the severity of the ricochet 
damage is directly related to the trajectory obliquity and size of the 
original projectile [16] . However, average ricochet debris particle velocity 
does not seem to vary significantly with respect to Impact obliquity and 
speed and is approximately equal to 2.1 km/sec (6,890 ft/sec). The average 
diameter of the ricochet debris particles is calculated to be approximately 
0.25 cm (0.1 in.). 

Second, from the prediction errors in Table 8, particle diameters and 
speeds calculated using this technique will probably yield surface diameters 
fairly close to the actual values, but will over-estimate penetration depths 
by an average of approximately 20%. However, since the average penetration 
depth error is positive, the error is on the side of safety. The larger 
penetration depth prediction error due to the fact that the penetration 
depth equations used in this study often differ from each other by as much 
as 30% in their prediction of penetration depth. Predictions of crater 
diameter, however, more closely approximated the actual values due to the 
fact that the crater diameter equations generally yielded values that were 
within 5 to 10% of each other. 


DESIGN OF EXTERNAL DEBRIS CONTAINMENT SHIELDS 
Development of Shield Concept 

It has been shown that an obliquely Incident hypervelocity projectile 
will produce ricochet debris particles that can severely damage external 
flight critical systems of a spacecraft. Such particles can be as large as 
0.25 cm (0.1 in.) and can travel as fast as 2.1 km/sec (6,890 ft/sec). It is 
evident that in the event of an on-orbit impact the ricochet debris that is 
produced must be contained in order to guarantee the safety of the mission 
and to avoid jeopardizing the safety of future missions into the same 
environment . 

Although the concepts and procedures developed in the following sec- 
tions are applicable to any tjrpe of spacecraft geometry and orientation, for 
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the purposes of this investigation it is assumed that the spacecraft for 
which containment shielding is to be designed is cylindrical and is oriented 
such that its velocity vector is parallel to its longitudinal a:^is. For the 
International Space Station, this implies that the modules are configured as 
shown in Figure 9 (illustration courtesy of Boeing Aerospace Corporation 
[15]). In this figure, the shaded areas are those which are most likely to 
be impacted by orbital debris. 

A cross-section of a typical module is given in Figure 10, showing only 
the module wall, bumper plate and an array of containment shield elements. A 
V-shaped arrangement of two rectangular panels was chosen as tho basic 
shield element configuration due to its ability to contain ricochet debris 
that would be produced by impacts with an equal probability of occurring from 
'above' or from 'below' the orbital plane. In the assumed module orienta- 
tion, shield elements would run parallel to the longitudinal axis of the 
module and would be evenly spaced along the circumference of the exposed 
portion of the module. It is interesting to note that in such a design, each 
panel of the shield element will serve as a bumper for the adjacent element 
and will trap any secondary 'penetration' debris that may fotrm as a result 
of a ricochet debris particle impact. 

In the design of such a containment shield system, it is assumed that 
the radius R of the spacecraft is a known quantity. The unknown quantities 
that need to be determined are the element panel length 1 , panel thickness 
t , panel inclination <f> , and the element separation (f> . Acceptable design 
vElues for these parametirs are limited by the following^phenomenological 
considerations . 

1) The most dangerous ricochet debris particles are formed by 
impacts whose trajectory obliquities are greater than 60 degrees. 

Therefore, it is required that the angular separation of the containment 
shield elements be such that any projectile impacting the spacecraft 
between two adjacent shield elements have a trajectory obliquity of no more 
than 60 degrees (Design Condition #1). 

2) Low obliquity impacts produce ricochet debris particles that 
can travel along trajectories of 30 degrees with respect to the plane of the 
bumper plate. These trajectory obliquities decrease as the obliquity of the 
parent projectile increases. Therefore, it is required that the length 1 of 
each containment shield element panel be sufficient to trap ricochet debris 
formed from an Impact with a low trajectory obliquity, ie. less than 45 
degrees (Design Condition #2). 

The design procedure will basically consist of selecting a panel 
length, panel Inclination, and an element separation and then ensuring that 
the chosen values satisfy Design Conditions #1 and #2. Panel thickness is 
calculated using a technique currently employed in the design of dual -wall 
structures . 


Design Equations 

Consider a projectile about to strike the external bumper wall of a 
cylindrical spacecraft with radius R (Figure 11). In the following para- 
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graphs, the terms 'downstream' and 'upstream' refer respectively to the 

shield elements in front of and behind an actual or projected Impact site. 

Let (ff be the angular separation between the site of Impact and a 

'downstream' shielding element, 3^ the obliquity of its trajectory with 

respect to the outward normal of the spacecraft hull, and let ^ be the 

maximum value of all such obliquities . The maximum obliquity occurs when the 

trajectory of an incoming projectile grazes an 'upstream' shield element and 

terminates at the base of an adjacent 'downstream' element. Thus, when 

2T - IT , then d> - 0. 
max’ ~ m 

According to Design Condition #1, the shield elements must be spaced so 
that all trajectory obliquities are less than 60 degrees. In Figure 12, a 
projectile traveling along a trajectory with an obliquity 'S' grazes the 
outermost point D of shield element panel DE and impacts at Point A; point C 
lies at the foot of the perpendicular drawn from point D to the extension of 
radius EF; point B is the foot of the perpendicular from point C to the 
extension of radius AB. Then angle CFB ~ 0 ~ 4* • Angle CED - <)> , and 

angle DAB - ^ . Let angle EGA - 0( , angle cBa - ’’fe, and angle CAB®— ^ ; 
then angle CAD - 3^ - 3^ . Lastly, let CA - z, DA - u, CE - v, CB - y,®and 
BA - X. ° 


In triangle FBC, 

R + X , ^ j ^ 

-j— — cos(^ - <D > 

R + 1 cos <p ^ s ^ m 

r ^e 

from which 

X - (R + l^cos0^)cos « <1“) 


Also, 


R + l^cos <h ^ m^ 

r ^e 


from which 

y - (R + l^cos0^)sin(0g - 0^) (11) 

And, 

- tan*^(y/x), z - (x^ + (12), (13) 

In triangle DCE, 

w - 1 sln0 , V - 1 cos 0 (14a. b) 

r ' © IT © 

Applying the Law of Cosines to triangle DCA, 

w^ - u^ + z^ - 2uzcos( y - y ) (15) 

o 

Applying the Law of Sines to triangle CAD, 
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z 


u 


(16) 


sin^ sin(90 - o() 

In triangle ACF, 

d> - (b + 180 - ^ - 180 

^ s ^ m o 

from which 

In triangle CAD, 

£ + 90 - 0< + ^ - 180 

o 

from which 

€ - 90 + - ((f>s -4>J (18) 

Substituting eqns. (17,18) into eqn. (16), noting that sin(90+yj) - cos £ , 
and rearranging yields ^ ’ 

u - gz. (19) 


where 


g - cos[2I'q - (^g - 0jjj)]/cos[ ^ - {<P^ • (20) 

Substituting eqn. (19) into eqn. (15) and combining eqns. (14a) and (15) 
yields 

- g^z^ + z^ - 2gz^cos( y ) - l^sin^^^ (21) 

Substituting for z according to eqn. (13) and rewriting eqn. (21) as an 
equation in terms of the variable g yields 

g^ - 2gcos(^ - ^ ) - l^sin^^ /(x^ + y^) +1-0 (22) 

O iT 6 

Substituting for x and y according to eqns. (10) and (11), respectively, 
yields the equation 

g^ - 2gcos( ^ 1 

- 1 sin^tf /(R^ + (R + 1 COS0 )^ - 2R(R + 1 cos^ )cos{<p - (b ) - 0 (23) 

r'e r e r^e '^srin 

where g( ^) is given by eqn. (20) and 

- tan’^{(R + 1 COS0 )sin(^ - ^ ) 
o r^e 

/(l^cos^^ - (R + 1 ^cos^^)[l - cos <^s ■ <P J]) (24) 

From Figure 11, 2^ - ^ when <b - 0. To calculate ^ , set^ - 0 in eqn. 

(23) and solve for ^ < 60 degrees for tRe*chosen*”values of 1 

max ° r 
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and then Design Condition #1 is satisfied. 

According to Design Condition #2, shield element panels must be long 
enough to contain ricochet debris formed by low obliquity impacts. Panel 
length varies directly with the distance from the impact site to the foot 
of the panel. Maximum panel length will be achieved by considering a low 
obliquity impact trajectory that grazes the outermost point of an 
'upstream' element panel and places the impact site as far away as 
possible from the adjacent 'downstream' element. 

In Figure 13, point A is the point of impact on the bumper of a projec- 
tile traveling along such a trajectory; BD is the 'downstream' shield 
element panel that must be long enough to contain the ricochet debris within 
angle BAD; point C lies at the intersection of line AD and the extension of 
radius BF; point G is a point on the line tangent to the circle at point A; 
point H is a point on the extension of radius AF. Then angle AFC - , 

angle CBD •• ^ , angle CAG - 30 degrees, angle CAG - 120 degrees, ang¥e ACF 
“60-0 , AF®“ BF “ R, and BD - 1 . Let the trajectory obliquity (angle 

EAR) and ?he ricochet cone angle Da 6 both be equal to 30 degrees, and let 
CB - u. 


Applying the Law of Sines to triangle CAF yields 

u + R R (25) 

sin 120 “ sin(60 - 0 ) 

m 

Solving for u yields 

u - R[1 - (,cos(f>^ - 0.577sin ^^)]/(cos^^ - 0.577sin^^) (26) 

Applying the Law of Sines to triangle CBD yields 

u Ir (27) 

sin(120 + <P - 6 ) " sin(60 - d ) 

Solving for 1^ yields 

- R(1 - 0)l/£(^^. ^ (28) 

where 

f(x.y) - cos(x - y) - 0.577sin(x - y) (29) 


Thus, if the value of 1 for the 'downstream' panel calculated using eqn. 
(28) is lesa than the assumed value of 1 , then the assumed panel length is 
sufficient and Design Condition #2 is satisfied. 


Panel thicknesses can be calculated using a modified form of the fol- 
lowing equation for rear-sheet thickness of a dual-wall structure [26]. 


t2/d - 5.08V°'^^®(tj^/d)’°-^^®(h/d)*^-^^ 


(30) 


where tj^ and t 2 are the thicknesses of the first and second sheets, respec- 
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tively, and h is the separation between the two sheets. Since the two panels 
are not uniformly spaced, an equivalent 'separation distance' was calculated 
as follows. Based on previous examinations of damaged ricochet witness 
plates, it was assumed that the majority of ricochet particle impacts will 
occur within a distance of 1 /2 away from the base of the shield element. 
Using the relationship between arc length, angle, and radius, the separation 
distance was approximated by the following equation. 

h - (1^2)(2^^) - 1^0^ (31) 


In order to equally protect against impacts from above and from below the 
orbital plane, the element design is assiamed to be symmetric with respect to the 
outward normal of the spacecraft. Therefore, letting t- “ ^ ' substitu- 

ting for h in eqn. (30) according to eqn. (31), and solving for ? yields 
the following expression for panel thickness. ^ 


tp/d - 2.897V°-’-®^(1^0^/d) 


-0.910 


(32) 


Design Procedure 

The procedure to be used for the design of containment shielding panels 
is as follows. 


Step No. 1: Input assumed values for , 1 , and R. Based on 

previous experience, satisfactory initial values for ihese parameters are 

^ - 10 degrees, - 5 degrees, and 1 - O.IR to 0.2R. 

^s e r 

Step No. 2 : Calculate ^ using eqn. (23) with 0 - 0. Is <3^ <60 

degrees? If yes, proceed to S?ep No. 3; if no, choose a smaller 0 of*a 
larger 1^ and repeat this step. ® 

Step No. 3 : Calculate 0 for the assumed values of 0 , 0 , and 1 
using eqn. (23) with - 30 degrees. s e r 


Step No. 4 ; Calculate the length 1 of the 'downstream' shielding 
element panel using eqn. (28). Is the assximed length 1 greater than the 
'downstream' length 1^? If yes, proceed to Step No. 5; if no, choose a 
larger 1^ or a smaller 0^ and go to Step No. 2. 


Step No, 5 : The values of 0 , 0 , and 1 are acceptable, 
using eqn. (32). 


Calculate t 

P 


Several examples of panel design using this procedure and the accom 
panying equations are presented in the next section. 


Examples 

A matrix of acceptable design values for 0 ,0 , 1 , and t is given 
in Table 9. Panel length values were obtained for a spacecraft raBlus of 
2.235 m (7ft. 4in.); thickness values were obtained using the average upper 
bound values for ricochet particle diameter and speed, namely, d - 0.25 cm 
and V - 2.1 km/sec. 
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It can be seen in Table 9 that a small change in <p produces only a 
minor change in 1^ whereas a similar small change in ^results in a major 
change in 1 . However, panel thickness is seen to be strongly dependent on 
the angle of inclination as well as the separation angle. 


CONCLUSIONS AND RECOMMENDATIONS 

This section consists of conclusions formulated during the course of 
this study together with a summary of those presented in the previous inves- 
tigation [16]. These observations must be considered in the design of space- 
craft meteoroid and space debris protection systems. 

There exists a critical angle of obliquity. Projectiles with angles of 
obliquity less than this critical angle produce significant damage to the 
pressure wall plate and little damage to the ricochet witness plate in a 
hypervelocity Impact test specimen. However, the damage produced on the 
pressure wall plate by projectiles with trajectory obliquities greater than 
the critical angle is minimal compared to the damage sustained by the rico- 
chet witness plate. This critical angle is estimated to have a value between 
60 and 65 degrees. 

Low obliquity hypervelocity impacts are potentially more dangerous to a 
pressurized spacecraft module than normal impacts with otherwise Identical 
parameters. In a low obliquity impact, the penetration debris cloud is more 
concentrated than in a normal impact. Even a small obliquity will concen- 
trate the kinetic energies of the penetration debris particles which in turn 
can cause penetration of the pressure wall. 

High obliquity impact penetration debris clouds have a lower damage 
potential than low obliquity impact debris clouds for two reasons. First, 
the quantity of of penetration debris in high obliquity impacts is much 
lower than the quantity of penetration debris in low obliquity impacts. 
Second, the bumper plate debris and projectile debris clouds separate in a 
high obliquity impact which serves to dissipate the kinetic energy of the 
debris particles. Empirical equations that can be used to estimate the 
location and the extent of penetration damage were developed based on pene- 
tration angle data. These equations can also be used to determine whether or 
not the bumper plate and projectile debris clouds will overlap and combine 
their penetrating potentials or separate and dissipate their kinetic ener- 
gies. 


However, high obliquity impacts have a very high potential for damage 
to external spacecraft systems because of the large volume of ricochet 
debris particles that they produce. The most serious ricochet debris damage 
was found to occur within an angle of 15 degrees with respect to the plane 
of the bumper plate, regardless of the original angle of impact. For trajec- 
tory obliquities greater than 60 degrees, the ricochet witness plate was 
completely perforated at the bumper plate/ricochet witness plate boundary. A 
set of empirical equations that predict the farthest ricochet debris 
particle trajectory and the trajectory of the center of mass of the ricochet 
debris particle cloud were developed based on ricochet angle data. 


XXIV- 16 



An analysis of ricochet vltness plate crater damage revealed that 
ricochet debris particles can be as large as 0.25 cm (0.1 In.) In diameter 
and can travel as fast as 2.1 km/sec (6,890 ft/sec). It Is Imperative that 
the Issue of ricochet debris particle damage to external spacecraft systems 
be addressed In the development of spacecraft destined for the meteoroid or 
space debris environment. 

A design concept for an external ricochet debris containment panel 
system was developed. Panel dimensions were found to be strongly dependent 
on the spatial distribution of containment shield elements around an exposed 
portion of a spacecraft, the Inclination of the panels with respect to an 
outwardly pointing normal, and the orientation of the spacecraft In Its 
orbital plane. 

Additional analytical and experimental Investigations of oblique hyper- 
velocity Impact phenomena are strongly recommended. Additional analytical 
Investigations would achieve several goals. First, they would provide veri- 
fication of the empirical equations developed in this study. Second, they 
would provide reliable means of predicting ricochet damage tnrough accurate 
estimates of ricochet particle sizes and velocities. Third, they would yield 
damage criteria that would be applicable in a variety of Impact situations. 
Future experimental investigations using projectiles and plates from dif- 
ferent or composite materials would better simulate on-orbit Impacts of 
space debris and would also serve to Improve and extend the applicability of 
current empirical equations. 
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APPENDIX 

Penetration Depth Equations 


Reference No. 27 : 


p/d - 2.28(pp/p^)^/^(V/C)^/^, 

V < 9 km/sec 

(P-1) 

Reference No. 28: 



p/d - 1.96(pp/p^)^/2(V/C)2/^ 

V < 6 km/sec 

(P-2) 

Reference No . 29 : 



p/d - 1.5(pp/p^)l/^PpVV2S^)l/^ 

V < 8 km/sec 

(P-3) 

Reference No. 30: 



p/d - 2.35(pp/p^)°-^°(V/C)2/3, 

V < 9 km/sec 

(P-4) 

Reference No. 31: 



p/d - 0.63(ppVVayt>^'^^’ 

V < 7 km/sec 

(P-5) 

Reference No. 32: 



p/d - 0.48.2(pp/p^)°*”^V/C)°-^^^Y^/p^.c2)’°-^^^, 

V < 21 km/sec 

(P-6) 

Reference No. 33: 



p/d - 8. 355x10*^ 

V < 9 . 5 km/sec 

(P-7) 

Reference No . 34 : 



p/d - 2.0(pp/p,.)'^-^^V/C)^-^^^ 

V < 9 km/sec 

(P-8) 
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r 


n 



Reference No. 35: 


p/d - 0.311(pp/p^)0•l^PpVVs^)°•2®^ 

V < 7 km/sec 

(P-9) 

Reference No. 36: 



p/d - 0.36(pp/^^)2/3(^^vVB^)^/^ 

V < 6 km/sec 

(P-10) 

Reference No. 37: 



p - 2. 973x10' ^d^ • 

t rp (rt ’ 

V < -3 km/sec 

(P-11) 

p - 1.129*10'V ““h -0.167 0.33 4/3 

t rp rt t ’ 

V < --3 km/sec 

(P-12) 

Crater Diameter Equations 



Reference No. 18 



o<d^p/d^ - 34(pp/p^)2/2(V/C)2, 

V < 4 km/sec 

(C-1) 

Reference No. 35: 



-d^p/d^ . 0.^20(pp/^^)“•^PpVVs,)"■«‘‘^ 

V < 7 km/sec 

(C-2) 

Reference No. 28: 



otd^p/d^ - 30.25(^p/p^)^/^V/C)^ 

V < 6 km/sec 

(C-3) 

Reference No. 30: 



0(d^p/d^ - 44.10(pp/p^)2/^V/C)^ 

V < 9 km/sec 

(C-4) 

Reference No. 33: 



e(d^p/d^ - 2.65 x10'^p’/^P;W/H^. 

V < 9.5 km/sec 

(C-5) 

Reference No. 36: 



0(d^p/d5 . 

V < 6 km/sec 

(C-6) 


Notation 




crater surface diameter (cm) 


d projectile diameter (cm) 


p crater depth (cm) 

2 

target material Brlnell Hardness (dynes/cm ) 
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C speed of sound lu target material (cm/sec) 

target material elastic modulus (GPa) 

2 

..... target material Brinell Hardness Number (kg/mm ) 

2 

S target material static shear strength (dynes/cm ) 

2 

target material dynamic hardness (dynes/cm ) 

2 

target material dynamic shear strength (dynes/cm ) 

V projectile impact velocity 

^ crater shape factor 

Ot- 0.75 if p > d^/2 
1.00 if p < d^/2 


pp 

pp 


yt 


projectile material mass density (gm/cm ) 

3 

target material mass density (gm/cm ) 

2 

target material dynamic yield strength (dynes/cm ) 
Material Properties 



1.27x10^° 

dynes/cm^ 

Y - 2.78X10® 

dynes/cm‘ 

c - 

5.10x10^ 

cm/sec 

Pp - 

gm/cm^ 


7 . 38x10^° 

CM 

s 

00 

CM 

1 

4J 

gm/cm^ 

s - 

2.83x10^ 

dynes/cra^ 

0" ^ - 1.85x10^° 
yt 

dynes/cm‘ 


6.37x10^° 

dynes/cm^ 

\ 

kg/mn^ 
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Test 

No. 

V 

(km/sec) 

d 

(mm) 

e 

(deg) 

®1 

(del) 

&2 

(del) 

»i 

(deg) 

^2 

(del) 

(deg) 

^99 

(del) 

EHIA 

7.07 

7.95 

30 

**** 

24.8 

**** 

56.3 


**** 

EHIB 

6.96 

7.95 

45 

10.9 

38.1 

42.3 

30.7 

15.5 

29.2 

EHIC 

7.14 

7.95 

60 

9.6 

50.0 

46.6 

16.9 

11.2 

27.6 

EHID 

7.18 

7.95 

75 

4.7 

26.9 

57.1 


7.9 

27.1 

EHAP 

6.82 

7.95 

75 

5.0 

22.0 

55.7 


9.3 

28.7 

EHAA 

6.93 

7.95 

75 

4.7 

22.2 

47.8 

**** 

9.5 

30.1 

EHAB 

6.91 

7.95 

75 

5.0 

19.9 

55.9 

iticitie 

7.3 

24.7 

EHBP 

7.22 

6.35 

75 

4.3 

21.8 

48.7 

**** 

6.6 

26.0 

EHCP 

7.58 

4.75 

75 

4.7 

20.9 

38.6 

**** 

8.2 

25.6 

1061 

6.84 

8.89 

60 

11.3 

47.1 

43.4 

26.. 5 

**** 

★*** 

106A 

6.66 

9.53 

60 

9.2 

48.4 

47.4 

16.9 

**** 

**** 

135C 

6.76 

6.35 

30 

**** 

24.0 


53.0 

**** 

**** 

135D 

6.93 

6.35 

30 

**** 

27.0 


53.3 

**** 

**** 

136A 

6.25 

6.35 

55 

10.7 

43.5 

43.9 

20.9 

8.7 

23.3 

136B 

7.30 

6.35 

55 

10.1 

41.8 

41.7 

23.5 

11.9 

28.3 

136C 

6.67 

6.35 

55 

11.0 

38.2 

44.5 

24.3 

12.9 

28.4 

150A 

7.08 

6.35 

45 

10.0 

39.0 

39.6 

28.4 

11.0 

24.0 

157A 

7.40 

4.75 

60 

9.3 

36.0 

42.4 

21.2 

8.0 

22.0 

162A 

6.49 

4.75 

30 

**** 

21.0 

**** 

64.8 

**** 

**** 

162B 

5.03 

4.75 

30 

**** 

27.0 

**** 

52.7 

**** 

**** 

206F 

6.24 

4.75 

45 

8.0 

31.0 

29.4 

31.0 

8.0 

21.0 

208E 

6.48 

6.35 

65 

9.0 

47.0 

43.5 

11.7 

8.0 

20.0 

209D 

7.40 

6.35 

65 

**** 

**** 

Heikic'k 

**** 

11.0 

27.0 

230C 

5.16 

6.35 

45 

10.0 

34.0 

34.3 

23.7 

11.0 

26.0 
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230D 

5.59 

6.35 

45 

10.0 

230E 

6.62 

6.35 

45 

10.0 

231C 

6.59 

7.95 

65 

8.7 

231D 

7.26 

7.95 

65 

10.2 

EHRPl 

6.87 

7.95 

60 

10.6 

EHRP2 

6.80 

7.95 

65 

11.0 


37.0 

34.8 

24.8 

10.0 

25.0 

32.0 

33.0 

28.3 

12.0 

25.0 

55.7 

47.1 

10.2 

8.4 

20.4 

49.7 

48.5 

20.1 

9.7 

23.0 

46.5 

52.9 

22.6 

10.6 

23.6 

64.4 

49.3 

9.4 

8.7 

19.1 


Table 1 -- Impact Test Database: Penetration and Ricochet Angles 
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Test 

No. 

V 

(km/sec) 

d 

(nun) 

0 

(deg) 

D , 

,min 

(mm) 

D 

.max 

(mm) 

Eccen- 

tricity 

D 

(mm) 

EHIA 

7.07 

7.95 

30 

16.0 

17.0 

1.06 

icidcic 

EHIB 

6.96 

7.95 

^5 

16.5 

20.0 

1.22 

***★ 

EHIC 

7.14 

7.95 

60 

16.5 

24.9 

1.51 

**** 

EHID 

7.18 

7.95 

75 

14.5 

36.1 

2.49 

**** 

EHAP 

6.82 

7.95 

75 

13.0 

33.0 

2.53 


EHAA 

6.93 

7.95 

75 

13.2 

33.5 

2.54 


EHAB 

6.91 

7.95 

75 

13.2 

33.5 

2.54 


EHBP 

7.22 

6.35 

75 

10.9 

23.1 

2.09 


EHCP 

7.58 

4.75 

75 

10.0 

18.0 

1.82 


00 6A 

6.95 

6.35 

0 

**** 

**** 

1.00 

15.0 

013B 

6.15 

6.35 

0 

**** 

**** 

1.00 

14.0 

033 

7.21 

6.35 

0 

**** 

**** 

1.00 

13.2 

033C 

5.53 

6.35 

0 

**** 

**** 

1.00 

11.2 

035C 

5.72 

8.89 

0 

**** 

**** 

1.00 

16.0 

102 

7.20 

7.62 

0 

**** 

**** 

1.00 

18.0 

1061 

6.84 

8.89 

60 

18.8 

29.0 

1.54 

**** 

106A 

e.ei 

9.53 

60 

19.8 

32.5 

1.64 

**** 

107B 

6.82 

8.89 

0 


**★* 

1.00 

18.5 

135C 

6.76 

6.35 

30 

13.2 

14.2 

1.08 


135D 

6.93 

6.35 

30 

13.2 

14.2 

1.08 


136A 

6.25 

6.35 

55 

14.0 

18.3 

1.31 


136B 

7.30 

6.35 

55 

14.0 

20.1 

1.44 


136C 

6.67 

6.35 

55 

13.5 

17.0 

1.26 


150A 

7.08 

6.35 

45 

14.2 

18.0 

1.26 

icHritif 
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157A 

7.40 

4.75 

60 

13.7 

17.3 

1.26 


16 2A 

6.49 

4.75 

30 

11.9 

14.0 

1.18 


162B 

5.03 

4.75 

30 

9.9 

11.7 

1.17 


206F 

6.24 

4.75 

45 

11.7 

13.5 

1.16 


208E 

6.48 

6.35 

65 

13.0 

21.0 

1.61 


209D 

7.40 

6.35 

65 

14.5 

19.6 

1.36 


213B 

5.90 

7.95 

0 

**** 

**** 

1.00 

16.5 

228B 

6.75 

7.95 

0 

**** 

**** 

1.00 

12.7 

228D 

6.65 

6.35 

0 

**** 

**** 

1.00 

11.2 

230C 

5.16 

6.35 

45 

12.4 

16.0 

1.28 


230D 

5.59 

6.35 

45 

13.5 

16.3 

1.22 


230E 

6.62 

6.35 

45 

14.2 

17.5 

1.25 


231C 

6.59 

7.95 

65 

16.5 

31.0 

1.87 

**** 

231D 

7.26 

7.95 

65 

16.5 

25.9 

1.57 


EHRPl 

6.87 

7.95 

60 

16.5 

29.0 

1.74 


EHRP2 

6.80 

7.95 

65 

16.0 

33.0 

2.19 



Table 2 -- 

Impact Test 

Database : 

Bumper Plate Hole 

Dimensions 
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a(%) 




avg 


lOOR^ 


' 4 /d 
min' 

0.001 

6.550 

72.3 

» /d 
max 

0.055 

11.410 

86.1 


Table 3 -- Regression Analysis of Bumper Hole 
Dimension Data, Error Summary 



%€ 

avg 

cr(%) 

lOOR^ 

V® 

0.612 

11.029 

94.8 

O2/Q 

2.209 

21.436 

73.9 


0.187 

6.261 

73.8 

V® 

2.515 

22.436 

91.5 

V® 

0.889 

13.676 

85.5 

«„/© 

0.640 

11.832 

75.6 


Table 4 -- Angle Data Regression Analysis, Error Summary 


Impact Parameters 


Penetration Depths and Diameters 


Test 

Number 

Velocity 

km/sec 

e 

deg 

d 

cm 

Pi 

cm 

‘Hil 

cm 

P 2 

cm 

*^12 

cm 

P 3 

cm 

^3 

cm 

EHAB 

6.91 

75 

0.795 

0.615 

0.734 

0.368 

0.636 

0.483 

0.566 

EHBP 

7.22 

75 

0.635 

0.495 

0.650 

0.361 

0.602 

0.310 

0.445 

EHCP 

7.58 

75 

0.475 

0.386 

0.599 

0.318 

0.447 

0.345 

0.422 

EHRP2 

6.80 

65 

0.795 

0.371 

0.632 

0.229 

0.445 

0.211 

0.445 

EHRP5 

7.51 

65 

0.635 

0.305 

0.528 

0.330 

0.546 

0.203 

0.411 

EHRPl 

6.87 

60 

0.795 

0.140 

0.254 

0.094 

0.241 

0.117 

0.244 

EHRP4 

7.65 

60 

0.635 

0.152 

0.279 

0.216 

0.371 

0.157 

0.328 

EHRP7 

7.98 

60 

0.475 

0.323 

0.488 

0.254 

0.396 

0.203 

0.465 

EHRP3 

6.78 

45 

0.795 

0.165 

0.368 

0.150 

0.320 

0.135 

0.343 

EHRP6 

7.57 

45 

0.635 

0.097 

0.201 

0.114 

0.267 

0.084 

0.211 

EHRP8 

7.34 

45 

0.475 

0.155 

0.262 

0.137 

0.279 

0.168 

0.295 


Table 5 -- Measured Penetration Depths and Crater Diameters 
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Impact Parameters 


Particle Diameters and Velocities 


Test 

Number 

Velocity 

km/sec 

e 

deg 

d 

cm 

‘^l 

cm 

km/sec 

^2 

cm 


^3 

cm 

km/sec 

EHAB 

6.91 

75 

0.795 

0.472 

2.40 

0.452 

1.97 

0.346 

2.45 

EHBP 

7.22 

75 

0.635 

0.389 

2.58 

0.395 

2.06 

0.254 

2.50 

EHCP 

7.58 

75 

0.475 

0.390 

2.20 

0.253 

2.55 

0.261 

2.47 

EHRP2 

6.80 

65 

0.795 

0.350 

1.96 

0.361 

2.03 

0.243 

1.99 

EHRP5 

7.51 

65 

0.635 

0.302 

2.28 

0.253 

2.25 

0.289 

1.80 

EHRPl 

6.87 

60 

0.795 

0.413 

1.98 

0.289 

1.85 

0 . 260 

2.21 

EHRP4 

7.65 

60 

0.635 

0.176 

2.08 

0.240 

2.02 

0.208 

2.01 

EHRP7 

7.98 

60 

0.475 

0.125 

2.06 

0.157 

1.97 

0.123 

1.95 

EHRP3 

6.78 

45 

0.795 

0.160 

2.09 

0.140 

1.93 

0.148 

2.19 

EHRP6 

7.57 

45 

0.635 

0.224 

1.98 

0.183 

2.24 

0.191 

1.97 

EHRP8 

7.34 

45 

0.475 

0.169 

2.07 

0.168 

2.13 

0.186 

2.09 


Table 6 -- Calculated Particle Diameters and Velocities 
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V (km/sec) 
avg 



45° 

0.174+0.024 

2.07+0.10 

(a) 

o 

0 

0.221+0.087 

2.01+0.09 

65° 

0.299+0.044 

2.05+0.17 


75° 

0.357+0.079 

2.35+0.21 


0.475 

0.203+0.080 

2.17+0.20 

(b) 

0.635 

0.258+0.070 

2.15+0.19 


0.795 

0.303+0.110 

2.08+0.18 






Table 7 -- Average Ricochet Particle Diameters and Velocities 
(a) as a Function of Original Projectile Obliquity 
(b) as a Function of Original Projectile Diameter (cm) 
(Original Projectile Impact Velocity - 7.3 km/sec) 
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Impact Parameters Prediction Errors (%) 


Test 

Number 

Velocity 

km/sec 

& 

deg 

d 

cm 

Pi 

‘Hil 

P2 

*^12 

P3 


EHAB 

6.91 

75 

0.795 

-6.0 

16.7 

28.0 

5.4 

-10.9 

12.7 

EHBP 

7.22 

75 

0.635 

1.8 

13.8 

17.9 

7.8 

3.0 

6.8 

EHCP 

7.58 

75 

0.475 

15.1 

11.9 

1.7 

7.1 

-6.2 

14.6 

EHRP2 

6.80 

65 

0.795 

19.0 

6.2 

16.3 

7.7 

24.2 

-13.7 

EHRP5 

7.51 

65 

0.635 

9.3 

9.0 

14.5 

11.3 

43.3 

-14.8 

EHRPl 

6.87 

60 

0.795 

16.5 

4.8 

24.1 

-0.4 

39.5 

-8.7 

EHRP4 

7.65 

60 

0.635 

24.1 

4.5 

17.4 

5.4 

38.5 

-6.4 

EHRP7 

7.98 

60 

0.475 

37.0 

-7.0 

40.2 

-14.2 

47.7 

-16.1 

EHRP3 

6.78 

45 

0.795 

23.1 

4.6 

50.1 

-16.6 

41.2 

-5.6 

EHRP6 

7.57 

45 

0.635 

40.2 

-11.5 

39.1 

-9.8 

45.4 

-19.2 

EHRP8 

7.34 

45 

0.475 

16.5 

6.6 

33.6 

-8.3 

19.6 

4.9 


Table 8 -- Prediction Errors Using Calculated Particle 

Diameters and Velocities 
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1 





Panel 

Inclination 





5° 

10° 


15° 

20° 


<t> 

1 t 

1 

t 

1 

t 

1 

t 

^ s 

r P 

r 

P 

r 

P 

r 

P 

5° 

12.19 0.222 

11.58 

0.124 

10.97 

0.090 

10.67 

0.071 

O 

O 

27.43 0.106 

25.91 

0.060 

24.38 

0.044 

23.47 

0.035 

15° 

48.77 0.063 

44.20 

0.037 

42.67 

0.026 

38.10 

0.023 

o 

o 

CM 

73.15 0.043 

67.06 

0.025 

60.96 

0.019 

56.39 

0.016 



Table 9 : Panel Length (cm) and Thickness (cm) as a Function of 
Panel Inclination and Shield Element Separation 

I 


1 
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PRESSURE WALL PLATE 


Figure 1 -- Test Configuration and Parameter Definitions 
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ricochet witness plate 



Figure 2 -- Oblique Hypervelocity Impact: Pre-Event Stage 
V - 6 km/sec, ©-45 degrees, b^/d - 3 



Figure 3 -- Oblique Hyperveioclty Impact: Formation 

of Ricochet Debris Cloud 
V - 6 km/sec, 0—45 degrees, t^/d - 3 
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Figure 4 -- Oblique Hypervelocity Impact: Formation 

of Penetration Debris Cloud 
V - 6 km/sec, ©-45 degrees, t^/d - 3 
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Figure 5 -- Oblique Hypervelocity Impact: Spread of 
Ricochet and Penetration Debris Clouds 
V ~ 6 km/sec, ©-45 degrees, t^/d - 3 
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HOLE DIMENSION (mm) 


_2uul 
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Figure 6 -- Bumper Plate Hole Dimensions: Test Data Compared 

Uith Regression Equation Predictions 
(V - 7 km/sec, d - 7.95 mm) 

I 
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Figure 7 -- Penetration Fragments Trajectories: Test Data Compared 

With Regression Equation Predictions 
(V ~ 7 km/sec, d - 7.95 mm) 
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Figure 9 -- Space Station Module Orientation 
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Figure 10 -- Space Station Module Cross-Section 
With Containaent Shield Parameters 
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